Abstract-Many habitats may be exposed to multiple chemical contaminants, particularly in agricultural areas where fertilizer and pesticide use are common; however, the singular and interactive effects of contaminants are not well understood. The objective of our study was to examine how realistic, sublethal environmental levels of ammonium nitrate fertilizer (0, 10, 20 mg/L and ammonium chloride control) and the common insecticide carbaryl (0 or 2.5 mg/L) individually and interactively affect the development, size, and survival of green frog (Rana clamitans) tadpoles. We reared tadpoles for 95 d in outdoor 1,000-L polyethylene ponds. We found that the combination of carbaryl and nitrate had a negative effect on development and mass of tadpoles compared to the positive effect that either contaminant had alone. Presence of carbaryl was generally associated with short-term increases in algal resources, including ponds exposed to both carbaryl and nitrate. However, with exposure to nitrate and carbaryl, tadpole mass and development were not positively affected as with one chemical stressor alone. The combination of these sublethal contaminants may reduce the ability of amphibians to benefit from food-rich environments or have metabolic costs. Our study demonstrates the importance of considering multiple stressors when evaluating population-level responses.
INTRODUCTION
Examination of single stressors has generally not lead to a clear explanation for amphibian population declines globally [1] , and researchers often suggest that the presence of multiple, sublethal stressors may interact synergistically to cause or promote population declines [2, 3] . Davidson et al. [4, 5] have found that amphibian declines in California, USA, were associated with downwind agriculture, although no particular chemical(s) have yet been implicated. These studies suggest that low levels of contaminant(s) could reduce the probability of population persistence.
Anthropogenic factors play a significant role in community regulation along with competition, predation, and abiotic factors. Areas downstream or downwind of agricultural areas may be exposed to multiple contaminants because fertilizers and pesticides are often used in conjunction and can be aerially transported or leached into nearby streams, rivers, or temporary wetlands [6] . Studying the interaction of multiple relevant and widespread environmental contaminants may increase our understanding of how chemical mixtures may influence populations or taxa of concern, including amphibians that appear to be experiencing population declines (e.g., [7] ).
In our study, we have used a single nitrate fertilizer and carbamate insecticide whose presence in the terrestrial and/or aquatic environment can influence the quality of the larval environment. These two chemicals are relevant because they are known to have negative effects on individual physiology [8] [9] [10] while having positive effects on the food resources of anurans (algal food resources) [11, 12] . The insecticide carbaryl (the active ingredient in Sevin, Bayer CropScience, Research Triangle Park, NC, USA) is a carbarmate acetylcholinesterase inhibitor examined in numerous aquatic studies with amphibians and their food web in the laboratory and the field (reviewed in Boone and Bridges [13] ). Generally, carbaryl has direct negative effects on amphibians in the laboratory by disrupting swimming behavior and reducing time and size at metamorphosis at expected environmental concentrations [14, 15] . However, carbaryl's indirect effects appear to be more important: Salamander survival is significantly reduced by carbaryl because zooplankton food resources are diminished [11] , and anurans are not obviously affected or positively affected by carbaryl via an increase in algal food resources [16] . Because zooplankton are sensitive to carbaryl at low levels, their populations are often reduced, allowing for increases in algal resources, thereby affecting food resources for both salamander larvae and anuran tadpoles [17] . Additionally, fertilizers are a major non-point source of nitrogen [18] that may enter aquatic environments used by amphibians for larval development [19, 20] . Nitrogen-based fertilizers at environmental levels can negatively influence larval survival [10, 21] , growth [20] , and activity [9] . However, nitrate fertilizer addition can also positively influence the algal community and may be expected to positively affect anurans similarly to carbaryl via increased food resources. When contaminants have positive effects on food resources and negative effects on individual physiology, the outcome may be a trade-off between these effects. The objective of our study was to examine the individual and interactive effects of ammonium nitrate fertilizer and the insecticide carbaryl on the development and growth of tadpoles of the green frog (Rana clamitans) reared in outdoor, polyethylene pond communities.
MATERIALS AND METHODS

Experimental design
Two egg masses of green frogs (R. clamitans) were collected at the University of Missouri's Baskett Wildlife Area (a protected natural area) near Ashland (Boone County, MO, USA) on July 26, 2002 . Eggs hatched in the laboratory at 23 to 25ЊC and were held until tadpoles were free-swimming (Gosner stage 25 [22] ). We mixed tadpoles from both clutches before use in our experiment to homogenize genetic variation so that treatment effects and clutch differences would not be confounded.
We created aquatic communities in 24 polyethylene ponds (1.85 m in diameter; 1,480-L volume) by adding 1,000 L of water, 1 kg of leaf litter, and plankton from natural ponds (500 ml of plankton/pond on July 31 and August 6) in late July. Our pond mesocosms were located in a fenced field at the University of Missouri Research Park in Columbia (Boone County). Screen-mesh lids covered each pond to exclude incidental predators and anuran colonists.
We experimentally manipulated two factors in a fully crossed design with three replicates: exposure to carbaryl (0 or 2.5 mg/L) and exposure to nitrate fertilizer (0, 10, 20 mg/L and an ammonium control). Groups of 30 free-swimming tadpoles (Gosner stage 25 [22] ) were assigned to ponds on August 5. Tadpoles were allowed to acclimate for 15 d, after which time we exposed the ponds to chemical treatments. We added carbaryl as liquid Sevin (22.5% carbaryl) at a nominal concentration of 2.5 mg/L (11.1 g Sevin added to 1,000 L water), which is below expected postapplication levels in wetlands receiving direct overspray (Յ4.8 mg/L [23, 24] ) and at levels known to alter behavior of many larval anurans [8, 14] . Our justification for use of the commercial formulation is strengthened by the observation (C. Bridges, U.S. Geological Survey, Columbia, MO, unpublished data) that no difference exists between the effects of the commercial formulation of carbaryl (Sevin) and technical-grade carbaryl in laboratory mortality studies with amphibians. Additionally, commercial formulations, rather than technical-grade chemicals, would be realistically applied in the environment. We added nitrate in the form of ammonium nitrate fertilizer (34:0:0, nitrogen:potassium:phosphorus) at a nominal concentration of 10 mg/L (29.4 g ammonium nitrate) and 20 mg/L (58.8 g ammonium nitrate), which is equal to and twice, respectively, the allowable drinking water level for nitrate in the United States. Environmental levels of nitrate are naturally less than 3 mg/L but can reach levels up to 100 mg/L [21] in waters contaminated by fertilizers. Ammonium chloride was used as an ammonium control to determine if fertilizer treatment effects were caused by nitrate or ammonium. However, fertilizer is often applied as ammonium nitrate and represents a realistic scenario. We used an equivalent amount of ammonium (74 g ammonium chloride) that was added to the 20-mg/L nitrate treatment ponds. We mixed carbaryl and/or fertilizer treatment with 5 L of pond water and poured the mixture evenly across the pond surface with a watering can starting at 1415 Central Standard Time on August 20, 2002 , to simulate an agricultural overspray event; we added 5 L of uncontaminated pond water with a watering can to control ponds to mimic the disturbance of chemical application. We did not stir ponds to minimize the potential of an algal bloom and because direct application in the environment would not involve vigorous mixing.
Carbaryl exposure concentrations were sampled at 1, 24, 48, 72, and 96 h following exposure. A 3-L composite sample was taken from three replicate ponds (1 L from each pond) exposed to carbaryl, from which 20 ml were removed, refrigerated, and sent to the Mississippi State Chemical Laboratory (MS, USA) for analysis by high-performance liquid chromatography. These water samples confirmed both the magnitude and the duration of exposure and indicated that carbaryl had a half-life of approximately 14 h in our ponds (1 h: 2.45 mg/ L; 24 h: 0.36 mg/L; 48 h: 0.06 mg/L; 72 h: 0.012 mg/L; 96 h: 0.0052 mg/L). We also measured nitrate and ammonium concentrations in each pond on August 20, August 27, September 10, September 24, and October 15. We collected 3 L of pond water from each pond, of which 60 ml were collected, filtered, and preserved with three drops 0.1 N sulfuric acid. Nitrate and ammonium concentrations were measured using a Technicon II autoanalyzer system (Technicon Instruments, Tarrytown, NY, USA) in accordance with the manufacturer's recommendations.
We measured each experimental unit (pond) for pH, temperature, dissolved oxygen, alkalinity, and hardness [25] on each date that we sampled periphyton and zooplankton: August 20 (before dosing), August 27 (7 d . Periphyton samples were taken by scraping a 3 ϫ 1.3-cm patch just below the waterline on the west side of each pond. Periphyton scrapes were wiped onto a filter and placed in 15 ml of neutralized 90% acetone in the dark at 5ЊC for 24 h and then analyzed by fluorometry [26] . We took zooplankton samples by collecting a composite sample of three 1-L samples from each pond to incorporate spatial heterogeneity, of which 1 L was filtered to collect zooplankton. The zooplankton were stored in 80% ethanol, and each vial was later examined to identify abundance of cladocerans, copepods, and ostracods; few copepods or ostracods were recovered from our samples. Ponds were checked every other day for metamorphosed individuals, defined as emergence of at least one forelimb (Gosner stage 42 [22] ). The experiment was terminated on November 8 (95 d after initiation) when onset of cold weather made it unlikely that any other individuals would reach metamorphosis before winter.
Response variables and statistical analyses
Metamorphs were removed from each pond and kept in the laboratory until tail resorption (usually Յ4 d), at which time they were towel-dried and weighed to the nearest mg. At the end of our experiment, we drained ponds and thoroughly searched for remaining tadpoles or metamorphs; all ponds contained tadpoles at this time. We determined developmental stage and weight (to the nearest mg) of each tadpole.
Tadpole mass, Gosner developmental stage [22] , and survival were used to measure the response of green frogs to carbaryl, nitrate, and their interaction. Analyses for treatment effects and their interactions on these responses were performed using analyses of variance. In preliminary analyses, we had used survival as a covariate for mass and developmental stage, but because the covariate was never significant, we removed it from the model. To normalize data and stabilize variances, we angularly transformed proportion data, log transformed mass, and used a ranking procedure on developmental stage before analyses. Because only a few metamorphs were collected during the course of the study, metamorphs were excluded in the analyses on mass and developmental stage but were included in analysis for treatment effects on survival.
Periphyton, zooplankton, pH, dissolved oxygen, temperature, nitrate, and ammonium levels were analyzed with a repeated measure analyses of variance to determine differences in exposure to nitrate, carbaryl, or over time. Temperature, dissolved oxygen, and chlorophyll levels were log transformed before analysis.
RESULTS
Effects on green frogs
Only 13 green frog metamorphs were captured during the study with all but one metamorph coming from a single pond; 12 metamorphs were from a pond exposed to 2.5 mg/L carbaryl and no nitrate, and one metamorph was from a pond exposed to 2.5 mg/L carbaryl and 20 mg/L nitrate. Green frog tadpole development was significantly influenced by the interaction of carbaryl and nitrate (Fig. 1A) ; F 2,11 ϭ 5.14, p ϭ 0.0265) but not by carbaryl (F 1,11 ϭ 0.19, p ϭ 0.6706) or nitrate (F 2,11 ϭ 0.17, p ϭ 0.8449) treatments alone. Examination of the interaction of the chemicals demonstrates that a singular stress of either carbaryl or nitrate had a stimulatory effect, while the combination of stressors did not (Fig. 1A) . Green frog tadpole mass showed a similar although nonsignificant response to the interaction of carbaryl and nitrate ( Fig. 1B; F 2 
Effects of the food web
Carbaryl exposure significantly reduced cladoceran levels over time ( Fig. 2; (Fig. 3) . No significant differences were observed between ammonium chloride control and the 20-mg/L ammonium nitrate treatments for the chlorophyll (F Յ 2.63, p Ն 0.1054 for all treatments) and cladocerans (F Յ 2.77, p Ն 0.1737 for all treatments).
Effects on water chemistry
Nitrate concentration significantly declined over time (Wilks' lambda ϭ 0.0172, F 4,9 ϭ 128.38, p Յ 0.0001) and was significantly influenced by the interaction of time with nitrate treatment (Wilks' lambda ϭ 0.0154, Breakdown of ammonium in 20-mg/L ammonium nitrate treatments also appeared to be facilitated in ponds exposures to carbaryl (Fig. 4B) . In a comparison between ammonium controls and high nitrate exposure, significant differences were observed in ammonium levels among treatments over time (Wilks' lambda ϭ 0.0070, F 4,5 ϭ 177.71, p Յ 0.0001) and significant interactions with time and nitrate treatment (Wilks' lambda ϭ 0.0471, F 4,5 ϭ 25.27, p ϭ 0.0016) but no differences were found with carbaryl treatment (Wilks' lambda ϭ 0.6780, F 4,5 ϭ 0.59, p ϭ 0.6831) or the interaction of nitrate and carbaryl treatments (Wilks' lambda ϭ 0.5079, F 4,5 ϭ 1.21, p ϭ 0.4100) over time. Initially, ammonium chloride controls had significantly more ammonium in ponds than ponds exposed to 20 mg/L ammonium nitrate, but the levels were nearly equal 21 d after dosing (Fig. 4C) .
Pond water pH (Wilks' lambda ϭ 0.1793, F 4,9 ϭ 10.30, p ϭ 0.0021), dissolved oxygen (Wilks' lambda ϭ 0.1948, F 4,9 (Table 1) but not with nitrate treatments or the interaction of treatments; temperature did not vary among treatments. Presence of carbaryl was associated with increased dissolved oxygen levels and pH compared to control ponds and decreased alkalinity and water hardness compared to ponds that were not exposed to carbaryl (Table 1) .
DISCUSSION
Animals living and breeding in landscapes impacted by humans are exposed to multiple stressors of varying source, timing, and intensity. In our study, we exposed green frog tadpoles to two common chemical stressors that may frequently influence populations inhabiting agricultural regions. Our study illustrates how contaminants may interact to produce different effects on a population than either chemical has alone.
We found that the effect of sublethal exposure to fertilizer and carbaryl together differed from the effect of either chemical alone on green frog tadpoles. Singularly, the presence of carbaryl or fertilizer had stimulatory effects on development of green frogs and, to some extent, on tadpole mass. This positive effect on tadpoles corresponded with an increase in periphyton, the food resource for green frog tadpoles, which was positively influenced by carbaryl exposure. A short-term increase in periphyton resources early in the larval period can be sufficient to increase rates of development, but increased periphyton also corresponded with higher levels of dissolved oxygen, which also may have favored amphibian development. Other studies have shown that carbaryl can stimulate development [27, 28] and increase amphibian mass via increased food resources [11, 16] . The mechanism for the positive effect of fertilizer alone is not clear. Although both carbaryl [8, 15] and nitrate fertilizer [9, 21] can individually have negative effects on anurans in the laboratory, our study suggested that the positive, indirect effects that result in increased algal resources with carbaryl exposure may be enough to offset direct negative impacts of these chemicals on individual physiology and growth.
The combination of these two sublethal contaminants, however, did not result in the positive effects on development or mass of green frog tadpoles observed with each contaminant alone. Ponds with both fertilizer and carbaryl exhibited a brief, positive increase in periphyton food resources similar to ponds exposed to carbaryl. Therefore, tadpoles exposed to both fertilizer and carbaryl were not able to take advantage of increased food resources. Carbaryl is a neurotoxin, and at levels used in our experiment, swimming and feeding behavior can be negatively affected, although recovery from short-term exposure is rapid [8] . Nitrates are generally environmentally stable in water but are considered nontoxic at most environmental levels. We did not find negative effects of fertilizer or carbaryl in our study. The combination of the two sublethal stresses of carbaryl and fertilizer, however, may have created greater metabolic demands than either substance alone, leaving less energy for feeding or food assimilation. Bullfrog tadpoles [29] and crayfish [30] reared at a site with coal ash contamination resulted in higher standard metabolic rates than those reared in uncontaminated reference ponds. When multiple, sublethal stressors are present, the balance between direct negative and indirect positive effects may shift so that the direct negative effects outweigh any indirect benefits. Our results suggest that a combination of sublethal stressors may reduce amphibian development and growth even though animals exposed to both contaminants were not qualitatively different from those coming from control ponds. Food resources in control ponds were generally less than those found in ponds exposed to carbaryl and/or fertilizers. Assuming that food quality is the same among these treatment ponds, if the combination of that fertilizer and carbaryl did not directly affect tadpoles, we would expect them to do as well as tadpoles in ponds exposed to one chemical stressor.
Our data indicated that the presence of both carbaryl and high fertilizer exposure (20 mg/L nitrate) resulted in a more rapid breakdown of both ammonium and nitrate. However, we would anticipate that a more rapid breakdown of nitrate or ammonium in the presence of carbaryl would result in a reduced effect on the green frog tadpoles and their food web. Given that apparent positive effects on mass and development did disappear in the presence of both chemicals, one could argue that the increased breakdown rate could have eliminated the positive effect; yet tadpoles exposed to carbaryl and either 10 mg/L nitrate (where breakdown of nitrate and ammonium was not significantly different) or 20 mg/L nitrate (where breakdown was significantly different) both had similar effects on the green frog tadpoles. In addition, our data suggest that ammonium rather than nitrate may elicit the response to the fertilizer because we found no significant differences between the effects of 20-mg/L ammonium nitrate and 20-mg/L ammonium chloride controls on tadpoles or food resources.
The exact nature of the interaction of fertilizer and carbaryl is not yet known and may be due to differences in the physiological response to two stressors. Regulatory testing on the effects of chemicals relies on studies of single chemicals exposed under optimum laboratory conditions. Our results indicate that single chemical studies may not necessarily predict responses in natural environments. Additional research is needed to further examine the ecological significance of chemical exposure in natural environments, but our research sug-
